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Mail Stop Cecelia Newman, Supervisor 

Decisions and Certificates of Correction Branch 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 



Patentees are in receipt of the decision of January 2, 2007, denying the request for 
Certificate of Correction filed April 30, 2007. A copy of your letter is attached. 

In the Office letter denying the Patentee's request for a certificate of correction, the 

following reason was given for denying the request: 

Respecting the alleged en:or(s) in the References Cited, the patent is printed in 
accordance with the record, since there is no record of a 1449 or 892 with 
reference(s) considered by the Exanuner.... Further consideration will be given 
concerning this matter upon receipt of a request for Reconsideration 
(reconsideration should be accompanied by supporting document(s)..) and should be 
filed and directed to Decisions & Certificates of Correction Branch. 

The Patentee acknowledges that the 6,737,716 did not appear on any PTO 1449 and 892 

forms. The basis for the request under 37 C.F.R. § 1 .322 is that the Office made a mistake in not 

listing the reference on PTO form 892. However, it also appears fi-om the above statement fi-om the 
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REQUEST FOR RECONSIDERATION 
OF CERTIFICATE OF CORRECTION 



Sir: 



U.S. Patent No. 7,157,780 

decision that fiirther consideration will be given to this matter upon receipt of a request for 
Reconsideration. Accordingly, Applicant respectfiiUy submits this request and hereby attach a copy 
of the Office Action dated August 19, 2004. A copy of this Office Action was submitted with the 
Patentee's original request. On page 2 of that Office Action, the Examiner cited and applied U.S. 
Patent No. 6,737,716 in a rejection. The Patent was applied again in a February 10, 2005 Action. 
However, the Examiner failed to record the U.S. Patent reference on the PTO-892 even in the 
second Action. The Patentee regards this as a mistake by the Office. The mistake resulted in the 
reference not being listed on the first page of U.S. Patent No. 7,157,780 as a reference considered 
by the Examiner during prosecution. 

In view of the above, the Patentee requests the Office to reconsider the original Request for 
Certificate of Correction and grant the requested Certificate. Copies of our Request and related 
Form 1050 are enclosed. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1.136 is 
hereby made. Please charge any shortage in fees due in cormection with the filing of this paper, 
including extension of time fees, to Deposit Account 500417 and please credit any excess fees to 
such deposit account. 



Respectfiilly submitted. 



McDERMOTT WILL & EMERY LLP 




-< ( Michael E. Fogarty 
Registration No. 36,139 



600 13*'' Street, N.W. 
Washington, DC 20005-3096 
Phone: 202.756.8000 MEFrMaM 
Facsimile: 202.756.8087 
Date: December 14, 2007 



Please recognize our Customer No. 53080 
as our correspondence address. 
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UNITED STATES DEPARTMENT OP COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 
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I ATTORNEY DOCKET NO. | CONFIRMATION NO. 
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600 13th Street, N.W. 
Washington, DC 20005-3096 



Yoshinao Harada 



PAPER NUMBER 
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Please find below and/or attached an Office communication concerning this application or proceeding. 
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Office Action Summary 



Application No. 

10/602,724 



Examiner 
Fazli Erdem 



Applicant(s) 

HARADA, YOSHINAO 



" Th^ MAILING DATE of this communication appears on the cover sheet with the comspondence addnss - 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. ~ ^rr^uivi 

1.136(a). In 



It however, may a reply be timely filed 



Extensions of time may be available under the provisions of 37 CFR 1. 
after SIX (6) MONTHS from the mailing date of this communication. 
I Ln H ■ ''^""'■r ^^T fan thirty (30) days, a reply within the statailDiy minimum of thirty (30) days will be considered timely 

If NO penod for reply ,s specified above the majdmum statuto^r period will apply and will expire SIX (6) MONTHS from the mailing dl of thfe communication 
" " tha application to become ABANDONED (35 U.S.C. § 133). 

f fh« ™,mn».mi..li jf J^g^ ^ 



Failure to reply within the set or extended period for repty will, by statute, a. „ 

Any repty received by the Office later than three months after the mailing date of this communication, ev 
earned patent term adjustment. See 37 CFR 1 .704(b). 

Status 

1 )M Responsive to communication(s) filed on 25 June 2003 . 
2a)U This action is FINAL. 2b)l3 This actionis non-final. 

3) 0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 
closed in accordance with the practice under Ex parfe Quayle, 1935 CD. 11, 453 O.G. 213. 

Disposition of Claims 

4) 13 Claim(s) 1-31 is/are pending in the application. 

4a) Of the above claim(s) is/are withdrawn from consideration. 

5) n Claim(s) is/are allowed. 

6) 13 Claim(s) 1 and 6-31 is/are rejected. 

7) 13 Claim(s) 2:^ is/are objected to. 

8) 0 Claim(s) are subject to restriction and/or election requirement. 

Application Papers 

9) n The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on is/are: a)^ accepted or b)^ objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 
Replacement drawing sheet(s) Including the con-ection is required if the drawing(s) is objected to. See 37 CFR 1.121(d). 
1 1 )□ The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-1 52. 
Priority under 35 U.S.C. § 119 

12)0 Acl<nowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 19(a)-(d) or (f)." 
a)n All b)n Some * c)^ None of: 

1. D Certified copies of the priority documents have been received. 

2. n Certified copies of the priority documents have been received in Application No. . 

3. n Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 1 7.2(a)). 
* See the attached detailed Office action for a list of the certified copies not received. 



Attachment(s) 

Notice of References Cited (PTO-892) 

I] Notice of Draftsperson's Patent Drawing Review (PTO-948) 
information Disclosure Statement(s) (PTO-1449 or PTO/SB/08) 
Paper No(s)/Mail Date 06/25/2003 . 



4) 0 Interview Summary (PTO-413) 

Psper NQ(s)/Mail Date. . 

5) □ Notice of Informal Patent Application (PTO-1 52) 

6) 0 Other 



PTOL-326 (Rev. 1-04) 



Office Action Summaiy 



Part of Paper No./Mail Date 08092004 



Application/Control Niuxiijer: 10/602,724 
Art Unit: 2826 

DETAILED ACTION 
Allowable Subject Matter 

1 . Claims 2-5 objected to as being dependent upon a rejected base claim, but would 
be allowable if rewritten in independent form including aU of the limitations of the base 
claim and any intervening claims. 



Claim Rejections - 35 USC §103 

2. The foUowing is a quotation of 35 U.S.C. 103(a) which forms the basis for aU 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the pnor art are such that the subject matter as a whole would have been obvious at the time the 
mventimi was made to a person having ordinary skill in the art to which said subject matter pertains 
Patentabihty shaU not be negatived by the manner in which the invention was made. 

3. Claims 1 and 6 rejected under 35 U.S.C. 103(a) as being unpatentable over 
Matsuo et al. (6,7373,716) in view of Park (2002/0001906). 

Regarding Claims 1 and 6, Matsuo et al. disclose a semiconductor device and 
method of manufacturing the same with formation of multilayer gate insulating 
film containing metal where in Fig. 9, layer 92 is a TiSiON layer. Matsuo et al. 
fail to disclose the required high dielectric constant layer on top of this 
metal/silicon/oxygen/nitrogen insulating fflm. However, Park discloses a method 
of manufacturing a gate in a semiconductor device where in IB, layer 13 is 
specified as HFSi04, i.e. metal, oxygen, silicon. 

It would have been obvious to one of having ordinary skiU in the art at the 
time the invention was made to include the required high dielectric fihn in Matsuo 
et al. as taught by Park in order to have a gate insulating layer of higher rehability. 
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Double Patenting 

4. The nonstatutory double patenting rejection is based on a judicially created 
doctrine grounded in public policy (a policy reflected in the statute) so as to prevent the 
unjustified or improper timewise extension of the "right to exclude" granted by a patent 
and to prevent possible harassment by multiple assignees. See In re Goodman, 11 F 3d 
1046, 29 USPQ2d 2010 (Fed. Cir. 1993); In reLongi, 759 F.2d 887, 225 USPQ 645 (Fed. 
Cir. 1985); In re Van Omum, 686 F.2d 937, 214 USPQ 761 (CCPA 1982); In re Vogel, 
422 F.2d 438, 164 USPQ 619 (CCPA 1970);and, In re Thonngton, 418 F.2d 528, 163 
USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CFR 1.321(c) may be 
used to overcome an actual or provisional rejection based on a nonstatutory double 
patenting ground provided the conflicting application or patent is shown to be commonly 
owned with this application. See 37 CFR 1 . 130(b). 

Effective January 1, 1994, a registered attorney or agent of record may sign a 
terminal disclaimer. A terminal disclaimer signed by the assignee must folly comply 
with 37 CFR 3.73(b). 

Claims 7-31 rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claims 1- of U.S. Patent No. 6,642,131. 
Although the conflicting claims are not. identical, they are not patentably distinct from 
each other because in Claims 7-19, they both claim a method for producing a 
semiconductor device which conprises the steps of forming a high dielectric constant 
fihn containing a metal, oxygen and a predetermined substance on a substrate, 
performing a heat treatment with respect to the high dielectric constant fihn to diffuse 
silicon from the side of the substrate into the high dielectric constant fihn to form silicon- 
containing high dielectric constant fihn and forming a conductive fihn for serving as a 
gate electrode on the silicon-containing high dielectric constant fihn. Regarding Claims 
20-3 1, they both claim a method for produciog a semiconductor device conprising the 
steps of forming a high dielectric constant fihn containing a metal, oxygen and hydrogen 



AppliQation/ControlNLier: 10/602,724 
•Art Unit: 2826 

on a substrate, performing a heat treatment with respect to the high dielectric constant 
film to diffuse silicon from the side of the substrate into the high dielectric constant fihn 
in order to form a silicon-containing dielectric constant fOm and forming a conductive 
film for serving as a gate electrode on the silicon-containing high dielectric constant fihn. 



Conclusion 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to FazU Erdem whose telephone number is (571) 272-1914. 
The examiner can normally be reached on M - F 8:00 - 5:00. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Nathan Flynn can be reached on (571) 272-1915. The fax phone number for 
the organization where this apphcation or proceeding is assigned is 703-872-9306. 

Information regarding the status of an apphcation may be obtained from the 
Patent Application Information Retrieval (PAIR) system Status information for 
published applications may be obtained from either Private PAIR or Pubhc PAIR. Status 
information for unpublished appUcations is available through Private PAIR only. For 
more information about the PAIR system, see http://pair-direct.uspto.gov. Should you 
have questions on access to the Private PAIR system, contact the Electronic Business 
Center (EBC) at 866-217-9197 (toll-free). 
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Office Action Summary 



Application No. 

10/602,724 


Applicant(s) 

HARADA, YOSHINAO 


Examiner 

Fazli Erdem 


Art Unit 
2826 





-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address - 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 
after SIX (6) IMONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days , a reply within the statutory minimum of thirty (30) days will be considered timely. 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this 

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 



1 Responsive to communicatlon(s) filed on 19 November 2004 . 
2a)n This action is FINAL. 2bM Tfiis action is non-final. 

3) n Since this application is in condition for allowance except for fonnal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 11, 453 O.G. 213. 

Disposition of Claims 

4) IE Claim(s) 1-6 and 32-35 is/are pending in the application. 

4a) Of the above claim(s) Is/are withdrawn from consideration. 

5) n Claim(s) is/are allowed. 

Q)M Claim(s) 1.6.32 and 33 is/are rejected. 

7) 13 Claim(s) 2-5.34 and 35 is/are objected to. 

8) n Claim(s) are subject to restriction and/or election requirement. 

Application Papers 

9) n The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on is/are: a)Oi accepted or bO objected to by the Examiner. 

Applicant may not request that any objection to the drawlng(s) be held in abeyance. See 37 CFR 1 .85(a). 
Replacement drawing sheet(s) including the con-ection is required if the drawing(s) is objected to. See 37 CFR 1.121(d). 
1 1 )□ The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152. 

Priority under 35 U.S.C. § 119 

12)n Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or(f). 
a)n All b)n Some * €)□ None of: 

1 .□ Certified copies of the priority documents have been received. 

2. n Certified copies of the priority documents have been received in Application No. . 

3. n Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 
* See the attached detailed Office action for a list of the certified copies not received. 
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1 ) M Notice of References Cited (PTO-892) 

2) n Notice of Draftsperson's Patent Drawing Review (PTO-948) 

3) □ Information Disclosure Statement(s) (PTO-1449 or PTO/SB/08) 

Paper No(s)/IVIail Date . 



4) [II| Interview Summary {PT0^13) 

Paper No(s)/Mall Date. . 

5) □ Notice of Informal Patent Application (PTO-1 52) 

6) □ Other: . 
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Art Unit: 2826 

DETAILED ACTION 
Allowable Subject Matter 
1 . Claims 2-5, 34 and 35 objected to as being dependent upon a rejected base claim, but 
would be allowable if rewritten in independent form including all of the limitations of the base 
claim and any intervening claims. 



Claim Rejections - 35 USC §103 

2. The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 

3. Claims 1, 6, 32 and 33 rejected under 35 U.S.C. 103(a) as being unpatentable over 
Matsuo et al. (6,7373,716) in view of Wallace et al. (6,291,867) 

Regarding Claims 1, 6, 32 and 33, Matsuo et al. disclose a semiconductor device 
and method of manufacturing the same with formation of multilayer gate insulating fihn 
containing metal where in Fig. 9, layer 82 is a TiSiON layer. Matsuo et al. fail to 
disclose the required high dielectric constant film containing metal, silicon and oxygen 
and the required position for the film on top of this metal/silicon/oxygen/nitrogen 
insulating film. However, Wallace et al. discloses zirconium and/or hafiiium silicon- 
oxynitride gate dielectric where in Figs. 1-19, to topmost layers i.e. 36, 38, 40, 42 are 
Hafnium/Zirconium silicon-oxynitride layers and therefore contain metal, silicon and 
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oxygen. Furthermore, in column 5, lines 50-56, the required configuration for the baixier 
and the high dielectric layer is disclosed. 

It would have been obvious to one of having ordinary skill in the art at the time 
the invention was made to include the required high dielectric fihn in Matsuo et al. as 
taught by Wallace et al. in order to have a gate insulating layer of higher rehability. 



examiner should be directed to Fazli Erdem whose telephone number is (571) 272-1914. The 
examiner can normally be reached on M - F 8:00 - 5:00. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Nathan Flynn can be reached on (571) 272-1915. The fax phone number for the 
organization where this application or proceeding is assigned is 703-872-9306. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status information for pubhshed applications 
may be obtained from either Private PAIR or Pubhc PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). 
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constant film containing a metal, oxygen and hydrogen, and 
a lower barrier film formed below the high dielectric con- 
stant fihn and containing a metal, oxygen, silicon and 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 



Xi=(Si concentration/(SI concentration + Hf concentration)) x tOOC%] 



100 



1x10^4 
1x1013 
1x1012 
1x10'i - 
1 x 1010 . 

1x10' ^^^!!'! 



60 



40 



20 




X2=(Hf concentration/(Hf concentration + Si concentration)) X 100[%] 



Eox (real) mode I 
E0T=1.5nni 

(ncrdence of fai (ure=100ppm 
MOS area =0. Icni^ 
Teinperature=100°C 



U.S. Patent Jan. 2, 2007 sheet 6 of 14 US 7,157,780 B2 



Figure 6 
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Figure 8A 
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Figure 9A 
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Figure 9C 
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Figure 9D 



[Hf diffusion + Si diffusion] 



U.S. Patent Jan. 2, 2007 sheet 10 of 14 US 7,157,780 B2 




U.S. Patent 



Jan. 2, 2007 



Sheet 11 of 14 



US 7,157,780 B2 



Figure 11 




U.S. Patent Jan. 2, 2007 sheet 12 of 14 US 7,157,780 B2 



Figure 12 
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Figure 13 
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SEMICONDUCTOR DEVICE AND METHOD treatment for activating impurities at about 900° C). There- 

FOR PRODUCING THE SAME fore, in a finished semiconductor device, the high dielectric 

constant film remains mostly amorphous, so that leak cur- 
RELATED APPLICATIONS rent can be suppressed firom occurring in the high-k gate 

5 insulating film. Consequently, the thermal stability of the 
This application is a divisional of application Ser. No. high-k gate insulating fihn can be improved, and therefore a 
10/122,366 filedApr. 16, 2002 now U.S. Pat. No. 6,642,131. semiconductor device having excellent heat resistance can 
This application claims priority fiom U.S. Provisional be realized, and the process margin in the production of a 
Application No. 60/299,478, filed on Jun. 21, 2001, and semiconductor device can be increased. 
Japanese Patent Application No. 2001-395734, filed Dec. lo According to the semiconductor of the present invention, 
27, 2001 . the lower barrier film is present below the high dielectric 

constant film in the gate insulating fihn, so that the high 
BACKGROUND OF THE INVENTION dielectric constant fihn can be prevented fi-om reacting with 

the substrate. Moreover, the lower barrier film contains the 
The present invention relates to a semiconductor device 15 same metal as in the hi^ dielectric constant film, so that the 
and a method for producing the same, in particular, a high relative dielectric constant of the lower barrier film can be 
dielectric constant film used for a gate insulating film. increased, and thus the relative dielectric constant of the 

With recent technological advance with respect to high entire gate insulting film can be increased, 
integration and high speed in semiconductor devices, min- In the semiconductor device of the present invention, it is 

iaturization of MOSFETs has been under development. 20 preferable that the gate insulating film includes an upper 
When the tbdckness of a gate insulating film is being reduced barrier film formed above the high dielectric constant film, 
to achieve the miniaturization, problems such as an increase and the upper barrier film contams the metal, oxygen and 
of a gate leak current due to tuimeling current are caused. In nitrogen. 

order to suppress this problem, there has been research on an This prevents the gate electrode material and the high 
approach to increase a physical thickness while realizing a 25 dielectric constant film material fi-om being difiused to each 
small SiOj equivalent tiiickness (hereinafter, referred to as other. Moreover, flie upper barrier film contains the same 
"EOr") by using gate insulating fihns made of high dielec- metal as in flie high dielectric constant fihn, so fliat the 
trie constant material such as hafiiium oxide (HfOJ and relative dielectric constant of the upper barrier film can be 
zirconium oxide (ZrO^) (hereinafter, referred to as "high-k increased, and thus the relative dielectric constant of the gate 
gate insulating fihns"). 30 msulting film as a whole can be increased. 

For example, a method for forming a conventional high-k In the semiconductor device of the present invention, it is 
gate insulating film described in U.S. Pat. No. 6,013,553 is preferable to satisfy 
as follows. First, an oxide layer such as a SiOj layer is ^^^^ )<0 90 

formed on a silicon substrate, and then a metal film made of 

zirconium or hafnium is deposited on the oxide layer by 35 when the composition of the high dielectric constant film 
sputtering or plasma CVD. Thereafter, the metal fihn is is expressed as M,Sij,0, where M, O and Si represent the 
subjected to an oxynitridation treatment with gas such as NO metal, oxygen and silicon, respectively, and X>0 and y>0. 
to form a high-k gate insulating fihn made of zirconium This ensures the thermal stability of the high-k gate 
oxynitride (ZrO^^,) or hafiiium oxynitride (HIDJ^f^. insulating film against a heat treatment at about 900° C. 

However, m the conventional high-k gate insulating film, 40 while keeping the relative dielectric constant of the high-k 
when heat history is applied by a high temperature treatment gate insulting film sufficient. 

during the production process, the high dielectric constant In the semiconductor device of the present invention, it is 
material constituting the gate insulating film is crystallized, preferable to satisfy 
so that the electrical conductivity via the resultant crystal 023 s /(»+ )£0 30 

gram boundaries or the defect level increases leak current. 45 ~^ ■ 

That is to say, the thermal stability of the conventional when the composition of the higji dielectric constant film 
high-k gate insulating film is insufBcient. is expressed as M^Si^O, where M, O and Si represent the 

metal, oxygen and silicon, respectively, and X>0 and y>0. 
SUMMARY OF THE INVENTION This ensures the thermal stability of the high-k gate 

50 insulatmg film agamst a heat treatment at about 900° C. 
Therefore, with the foregoing m mind, it is an object of while keeping the reliability life of the high-k gate insulting 
the present invention to provide a semiconductor device film sufficient. 

employing a thermally stable gate insulating film having a In the semiconductor device of the present invention, it is 
high relative dielectric constant. preferable to satisfy 

In order to achieve the object, a semiconductor device of 55 ^. jq 
the present invention includes a gste insulating film formed x y ^ . 

on a substrate; and a gate electrode formed on the gate when the metal is hafiiium or zirconium, and the compo- 
insulathig fihn, and the gate msulating fihn includes a high sition of the lower barrier film is expressed as M^Si^ON, 
dielectric constant fihn contaming a metal, oxygen and where M, O, Si and N represent the metal, oxygen, silicon 
silicon; and a lower barrier fihn formed below the high so and nitrogen, respectively, and x>0 and y>0. 
dielectric constant film and containing the metal, oxygen. This ensures that the relative dielectric constant of the 

siUcon and nitrogen. lower barrier film can be increased. 

According to the semiconductor of the present invention, In the semiconductor device of the present invention, the 
the higih dielectric constant film constituting the gate insu- gate electrode may be a metal gate electrode, 
lating film contains sihcon, so that the high dielectric 65 A first mefliod for producmg a semiconductor device of 
constant fihn is prevented from being crystallized by a high the present invention mcludes the steps of forming a high 
temperature treatment m the production process (e.g., a heat dielectric constant film contaming a metal, oxygen and a 
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predetermine substance on a substrate; performing a heat Thus ensures that a high dielectric constant fihn contain- 

treatment with respect to the high dielectric constant fihn to ing the predetermined substance is formed, 
difiiise silicon from the side of the substrate into the high In the first method for producing a semiconductor device, 

dielectric constant fihn, thereby forming a silicon-containing it is preferable that the step of forming the high dielectric 

high dielectric constant fihn; and forming a conductive film 5 constant film includes forming the high dielectric constant 

for serving as a gate electrode on the siUcon-containing high film by PVD employing a target containing the metal in an 

dielectric constant film. atmosphere containing the predetermined substance. 

According to the first method for producing a semicon- jhus ensures that a high dielectric constant fihn contain- 

ductor device, a predetermined substance can be desorbed j^g the predetermined substance is formed, 
from the high dielectric constant film by performing a heat 10 ^ ^^^^ ^^^^ producing a semiconductor device 

treatment with respect to the high dielectnc constant film „f ^ ^ j^^^^^ion includes the steps of forming a high 
^°TZ'^ i^r^'tTTZ f 'I ^^^1 di«l«=tric constant film containing a metal, oxy£en ^ 
difiused m the high dielectnc constant fihn ^ough the flius „^ ^ ^^^bstrate; performing a heat treatment with 

formed vacancies and tiius a sihcouK^onteimng high dielec- J J ^^^^J^^ ^^^^^ ^.^.^^^ 

tnc constant film CM be formed. Therefore, sdiconcanbe 15 from the side ofthe substrate into the high dielectric constant 

contained m the high dielectric constant fihn efficiently, and ^ ^^^^^ ^ sihcon-contaSng high dielectric 

the vacancies eventually disappear so that the silicon- ^^^^ ^ conductive fihn for serving as 

containing high dielectac constant fihn can b«=ome dense. ^ ^i^^^e on the silicon-containing high dielectric 

The silicon-containmg high dielectnc constant fihn hardly is ccmstant film 

crystallized by a high temperature treatment in the produc- 20 ..." ^, . ^. . j • 
tion process, so that the silicon-containing high dielectric According to the second method for producing a semi- 
cons^t film remains mostly amorphous after a device is ^J,^^^'' J" ^^"^ 
complete. As a result, leak current can be suppressed from '^''^''^'^^"'^ by performmg a heat treatment with 
occurring in the gate insulating fihn including the silicon- ^'^^P'^'^^ ^ '^^^^ T''Tu^a°TT^ ^ 
containing high dielectric constant film, that is, the high-k 25 |f ' !° "^""TluZ'" f ^ ^ fT"" 'T 
gate insulatmiflhn. Consequently, the thermal stability of through the ttius formed vacancies and thus a silicon- 
the high-k gate insulating film can be improved, and there- ^.^^^ l^J°Z 
forealemi^nductordevicehavingexcellentheatresistance More «hcon can be contemed ,n the high d.elertnc 
can be realized, and the process mti^in m the pix)duction of ^^f^''^^^' ""^Tl'f. ^t ^ ^ . : 
a semiconductor device can be increased. 30 ^f^^' sothatthesihcon-contaimnghighdielecmc cons ant 
In the first semiconductor method of the present inven- ^ '^"^^ f ' .^^ sihcon-containing high dielec- 
tion, it is preferable the predetermined substance is hydre- ^c constant film hardty is crystallized by a high temperature 
r r J treatment in the production process, so that the silicon- 
containing high dielectric constant film remains mostly 
. amorphous after a device is complete. As a result, leak 
"T'is'preferaWe'to the first semiconductor method " current can be suppressed from occurring m^^^^ 
includes forming an insulating fihn containing silicon, nitro- ^^.'"^If^ ^ silicon-contammg iugh dielectn 
gen and the predetermined substance on thelbstrate before '''i^^^^l^^^f ,,Tu ? , r" 
flie step of formmg the high dielectric constant fibn; and that ^equently the thermal stabdityof the high-k gate msulating 
n,= „f „ul„t ..Mfi, tu„ ..A fihn can be improved, and therefore a semiconductor device 
the step of performing a heat freatment with respect to the 40 , . n » i • ^ i. v j j ^t. 

high dielec^c consult fihn comprises difflising silicon ^^^^'"S '^f^ "f" ^ ^^'^ ^ ^ 

comained in the insulating fihn into the high dielectric P^cess margin m the production of a semiconductor device 

constant film, and forming a lower barrier film by difiusing ^ increase . 

the metal contained in the high dielectric constant film mto preferable that the second method for producing a 

flie insulating film. 45 semiconductor device includes forming an msulatmg fihn 

This ensures that silicon can be diffiised in the high conteming silicon, nitrogen and hydrogen on the substrate 

dielectric constant fihn. Furthermore, the high dielectric before the step of forming the high dielectric constant film; 

constant fihn or the silicon-contammg high dielectric con- ^nd that the step of performing a heat treatment with respect 

stant fikn can be prevented from reactmg with the substrate. '° dielectric constant film includes diffusing silicon 

Moreover, the lower barrier fihn contains the same metal as 50 contained in the insulating fihn into the high dielectric 

m the silicon-containing high dielectric constant film, so that constant film, and forming a lower barrier fikn by difiusing 

the relative dielectric constant of the lower barrier fihn can contained in the high dielectric constant film into 

be increased, and thus the relative dielectric constant of the insulating fihn. 

gate insulting film as a whole can be increased. This ensures that silicon can be diffiised in the high 
hi the first method for producing a semiconductor device, 55 dielectric constant film. Furthermore, the high dielectric 
it is preferable that the step of formmg a high dielectric constant fihn or the silicon-contaming high dielectric con- 
constant fihn comprises forming a high dielectric constant stant fihn can be prevented from reactuig with the substrate, 
film by CVD employing a source precursor containing the Moreover, the lower barrier film contains the same metal as 
metal and the predetermined substance. in the silicon-containing high dielectric constant fihn, so that 
Thus ensures that a high dielectric constant film contain- 60 the relative dielectric constant of the lower barrier film can 
ing the predetermined substance is formed. be increased, and thus the relative dielectric constant of the 

In the first method for producing a semiconductor device, entire gate insulting film can be increased, 
it is preferable that the step of forming ihe high dielectric In the second method for producing a semiconductor 
constant film includes forming the high dielectric constant device, it is preferable that the step of forming the high 
film by CVD employing a source precursor containing tiie 65 dielectric constant fihn includes forming flie high dielectric 
metal and a source gas containing the predetermined sub- constant film by CVD employing a source precursor con- 
stance, taining the metal and hydrogen. 
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Thus ensures that a high dielectric constant film contain- 
ing hydrogen can be formed. 

In the second method for producing a semiconductor 
device, it is preferable that the step of forming the high 
dielectric constant film includes forming the high dielectric 5 
constant film by CVD employing a source precursor con- 
taining the metal and a source gas containing hydrogen. 

Thus ensures that a high dielectric constant film contain- 
ing hydrogen can be formed. 

In the second method for producing a semiconductor lo 
device, it is preferable that the step of forming the high 
dielectric constant film includes forming the higjh dielectric 
constant film by PVD employing a target containing Hbs 
metal in an atmosphere containing hydrogen. 

Thus ensures that a high dielectric constant film contain- 15 
ing hydrogen can be formed. 

In the first or the method for producing a semiconductor 
device, it is preferable that the metal is hafnium or zirco- 

This ensures that the relative dielectric constant of the 2° 
sihcon-containing high dielectric constant film can be 
increased. 

In the first or the second method for producing a semi- 
conductor device, it is preferable that the method includes 
the step of forming an upper barrier by nitriding a surface of 
the silicon-containing high dielectric constant fihn between 
the step of performing a heat treatment with respect to the 
high (Uelectric constant film and the step of forming a 
conductive film. 

This prevents the gate electrode material and the high 
dielectric constant film material &om being difiiised to each 
other. Moreover, the upper barrier film contains the same 
metal as in the high dielectric constant film, so that the 
relative dielectric constant of the upper barrier film can be 
increased, and thus the relative dielectric constant of the 
entire gate insulting fihn can be increased. 

In the first or the second method for producing a semi- 
conductor device, it is preferable that the method includes 
the step of forming an upper barrier by nitriding a surface of 
the high dielectric constant film between the step of forming 
a high dielectric constant film and the step of performing a 
heat treatment with respect to the high dielectric constant 
film. 

This prevents the gate electrode material and the high 
dielectric constant film material fi-om being diffused to each 
other Moreover, the upper barrier film contains the same 
metal as in the high dielectric constant film, so that the 
relative dielectric constant of the upper barrier fikn can be 
increased, and thus the relative dielectric constant of the jq 
entire gate insulting fihn can be increased. 

In the first or the second method for producing a semi- 
conductor device, it is preferable that the temperature for the 
heat treatment in the step of perforaiing the heat treatment 
with respect to the high dielectric constant film is 600° C. or 55 
more and 850° C. or less. 

This ensures that the predetermined substance or hydro- 
gen can be desorbed from the high dielectric constant film, 
and that silicon can be diffused in the high dielectric constant 
film. 60 

In the first or the second method for producing a semi- 
conductor device, it is preferable to satisfy TS6.69 y/(x+ 
y)+749.4, when the composition of the silicon-containing 
high dielectric constant film is expressed as M^Si^O, where 
M, O and Si represent the metal, oxygen and silicon, 65 
respectively, and x>0 and y>0, and the maximum tempera- 
ture in the production process is expressed as T [" C.]. 



This ensures the thermal stability of the high-k gate 
insulating film having the silicon-containing high dielectric 
constant film. 

In this case, it is preferable that the gate electrode is made 
of a material containing silicon, and y/(x+y)^0.30 is satis- 
fied. 

This enables a sufficient reliability life for the high-k gate 
insulating film having the silicon-containing high dielectric 
constant film. 

In the first or the second method for producing a semi- 
conductor device, it is preferable that the gate electrode is a 
metal gate electrode, and the mefliod includes the step of 
perfomiing a heat treatment with respect to the substrate 
after the step of forming a conductive film. 

This allows the defects in the high-k gate insulating film 
having the silicon-containing high dielectric constant film to 
be reduced further. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of a semiconductor device 
according to a first embodiment of the present invention. 

FIG. 2 is a graph showing the relationship between the 
amount of Si added to HfOj and the crystallization tempera- 
ture of UK>2 and the temperature that guarantees thermal 
stability of HfO^. 

FIG. 3 is a diagram showing the allowable range of the 
composition of Hf silicate that can maintain the thermal 
stability obtained corresponding to various maximum pro- 
cess temperatures. 

FIG. 4 is a graph showing the relationship between the 
amount of Si added to a HfDj fihn and the relative dielectric 
constant of the HfDz film. 

FIG. 5 is a graph showing the relationship between the 
amount of Si added to a HfOj film and the reliability life of 
the HfOj fihn. 

FIG. 6 is a graph showing the relationship between the 
amount of Si added to a HK)2 film and the thermal stability 
and the reliability of the HfOz fihn. 

FIGS. 7A to 7C are cross-sectional views showing the 
processes in a method for producing a semiconductor device 
according to a second embodiment of the present invention. 

FIGS. 8A to 8C are cross-sectional views showing the 
processes in a method for producing flie semiconductor 
device according to the second embodiment of the present 
invention. 

FIGS. 9A to 9D are views illustrating the behavior 
resulted from PDA in the method for producing the semi- 
conductor device according to the second embodiment of the 
present invention. 

FIG. 10 is a graph showing the results of measurement by 
TDS regarding hydrogen being desorbing from the HfOj 
film due to a heat treatment. 

FIG. 11 is a graph showing the results of C-V measure- 
ment after a heat treatment with respect to a H-contaiiring 
UtO^ film formed by CVD using Hf-t-butoxide in the method 
for producing a semiconductor device according to the 
second embodiment of the present invention. 

FIG. 12 is a graph showing the result of C-V measurement 
after a heat treatment with respect to a H-free HfDj fihn 
formed by CVD using a source that does not contain 
hydrogen as a comparative example. 

FIG. 13 is a graph showing the resuhs of a comparison in 
the thermal stability between the case where the H-contain- 
ing HfDj film (the second embodiment of the present inven- 
tion) is used and the case where the H-fi-ee HfD2 film 
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(comparative example) is used in a MOS capacitor having a ture of HfDj and the thermal stability guarantee temperature 

layered structure of Si substrate/SiN film/HfOj film/poly- of HfiDj. The crystallization temperature refers to the tem- 

silicon film. perature at which an amorphous state started to change into 

FIG. 14 is a graph showing the relationship between the a crystalline state. In other words, since a change of the state 

physical thickness of a HfOj film that has just formed and s starts at the crystallization temperature, the entire substance 

the leak current alter a MOS capacitor is complete in the (HfOj) is not necessarily crystallized immediately even if 

case where PDA in the method for producing a semicon- the temperature exceeds the crystallization temperature, 

ductor device of the second embodiment of the present In FIG. 2, the horizontal axis shows the ratio Xj (% 

invention is performed with respect to the Hf02 film, which representation) of the number of Si atoms contained in HfOj 
is an insulating film of the MOS capacitor. lO per imit volume (hereinafter, referred to as "Si concentra- 
tion") to the sum of the Si concentration and the number of 

DETAILED DESCRIPTION OF THE Hf atoms contained in HfDj per unit volume (hereinafter, 

INVENTION referred to as "Hf concentration"). In other words, the far left 
end in the horizontal axis (Xi=(Si concentration/(Si concen- 

First Embodiment tration+Hf concentration))xlOO=0%) indicates HfOj that 

Hereinafter, asemiconductordeviceofafirstembodiment ^'^'^^^ Z\^^^T- ^''^ m the horizontal axis 

of the present invention, more specifically, a MISFET will f Cf ' n TmS^ /^f 

^»cA^i,»H «,!tv, tr. ti,» «,^^r„^L,^r,„ j,o„m„™ tion))x 1 00= 1 00%) mdicBtcs S1O2 that contains no Hf The 

be described with reference to the accompanying drawmgs. ^^^j^j ^^.^ ^^J^ temperat^e. 

FIG. 1 shows the cross-secbonal structure of a semicon- 3, ^j^^^^ ^ crystallization tempemture and 

ductor device of a first embodiment. the thermal stability guarantee temperature of HfD, increase 

As shown m FIG. 1, a gate electrode 12 is formed 011 a ^-^ ^ ^ j,^ ^^^^ „f 

sihconsubstratelOviaagatemsulatmgfihnll.Animpunty words, the addition of silicon to H1D2 increases thethennal 

dififiision layer 13 servmg as a source region or a drain ^^-^ jj^ ^^^^ ^ -^^^ ^ Sj 

region is formed on both sides of the gate electrode 12 m the ^5 amount makes it easy that Si-containing HfO,, that is, a Hf 

silicon substrate 10. TTie gate insulatmg film 11 includes a 3;^^^ material remains amorphous, and as a result, the 

high dielectric constant fihn 11a made of msulative inetal ^^ire Hff), fihn hardly is crystallized and remains amor- 

oxide, a lower bamer fihn life formed below the high phous 

dielectric constant film lla, and an upper barrier fihn Uc fj^^j^^ ^j^^ ^^^^ .^ability guarantee temperature refers 

formed above the high dielectnc constant film lU. 3^ j„ amiealing temperature at which a drastic increase of 

More specifically, the high dielectric constant film lU is jegk current starts to occur in an insulating fihn made of 

fonned of a substance in which silicon is contained in HfO, when an annealing treatment is performed with respect 

hafmum oxide (HfD^) having a high relative dielectnc to a koS capacitor structure having the insulating film for 

constant, that is, a silicon-containing hafnium oxide (Hf,. 30 seconds in gas at 1 atm with a rapid thermal process 

Sifi2, where x>y>0). The lower barrier fihn Ub for pre- 35 (jp) apparatus. Therefore, at temperatures below the ther- 

ventmg a reaction between the sihcon substrate 10 and the j^g, stability guarantee temperature, the leak current and the 

high dielectnc constant film lla is made of, for example, a capacitance in the MOS capacitor structure employing the 

sihcon oxymtnde film containing ha&ium. The upper bar- Si-contaimng HfO^ film indicates an ideal value. On the 

rier film 11c for preventing a reaction between the high ^^her hand, at temperatures above the thermal stability 

dielectnc constant film lla and the gate electrode 12 is made 40 guarantee temperature, the leak current in the MOS capaci- 

of, for example, a silicon-containing hafnium oxide fihn ^j. structure increases by about three orders due to a drastic 

containing nitrogen. That is to say, the lower barrier film 11* increase of defects locally occurring in the Si-containing 

and the upperbamer film Uc are high diel«:ttic constant HfO fihn. At this pomt, the capacitance m an accumulation 

bamer films. "Hie ^te electrode 12 is made of, for example, ,tate jn a C-V (capacitance-voltage) measurement diverges, 

a polysihcon fihn doped with phosphonis. 45 therefore it becomes unpossible to measure the capaci- 

The high dielectric constant fihn lla may contam nitro- tance of the MOS capacitor, hi other words, at temperatures 

gen. When the physical thickness of the gate insulating fihn above the thermal stability guarantee temperature, the MOS 

11 is about 4 nm, the physical thickness of the high dielectric capacitor structure employing the Si-contammg HfOj fihn 

constant fihn lla is about 2 nm, the physical thickness of the cannot serve as a capacitor. 

lower bamer fihn 11* is sUghtly smaller than 1 nm, and the 50 when the ratio Xi is 70% or more, the substantially entire 
physical thickness of the upper barrier fihn Uc is slightly Si-contammg HKDj film can be kept amorphous even at high 
larger than 1 nm. All of the high dielectric constant fihn lla, temperatures, so that even if the fihn is subjected to a high 
the lower barrier film lib, and the upper bamer fihn Uc are temperature process at 1200° C, leak current can be sup- 
amorphous, pressed. If the ratio Xj is at least 23%, the crystals produced 

hi this embodiment, silicon is contained in the HfOj fihn 55 when the Si-contakung HfOj fihn is crystalUzed are micro- 

that serves as the high dielectric constant film lla for the crystalline, and the film as a whole is predominantly m the 

purpose of ensuring the thermal stability of the high dielec- amorphous state. Therefore, leak current can be suppressed 

trie constant film lla. In other words, tbe high dielectric even if the fihn is subjected to a high temperature process of 

constant fihn lla containing silicon is hardly crystallized (or 900" C. Herein, the case where the material to be used is 

is only partially crystallized and remams amorphous) when eo mostly amorphous, or the case where the material to be used 

being subjected to a heat treatment at a high temperature, so contams crystallites to the extent that makes substantially no 

that an increase of leak current due to crystal grain bound- mfluence on the thermal stability, that is, the heat resistance, 

aries or defect level can be suppressed. Hereinafter, this is also regarded as being amorphous, 

embodunent will be described more specifically witii refer- As shown m FIG. 2, the straight line showing the range of 

ence to the accompanying drawings. 65 the process temperature that can be used m the process for 

FIG. 2 shows the relationship between the amount of producing a semiconductor device and the range of the Si 

silicon (Si) added to HfD2 and tiie crystallization tempera- concentration in the Si-containing HK>2 film can be defined 
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as T=6.69 Xi+749.4, where Xj represents the Si concentra- instead of the high dielectric constant film 11a) has the 

tion/(Si concentration+Hf concentration)xlOO and T [° C] thermal stability while having a high relative dielectric 

represents the thermal stability guarantee temperature (more constant. 

specifically, when a polysilicon electrode is used). In other Xi=(Si concentration/(Si concentration+Hf concentra- 
words, it is necessary that the process temperature and the Si ^ tion))x 100 has the same meaning as (y/(x+y))x 1 00 when the 
concentration are in the range below T=6.69-Xi+749.4. composition of the high dielectric constant 11a is repre- 
More specifically, when the value of Xj, that is, the com- sented as Hf^Si^O (where x>0, and y>0). Similarly, X2=(Hf 
position of the Si-containing HfD2 is determined, the pro- concentration/(Si concentration+Hf concentration))xl00 
cess temperature has to be in the temperature range of not has same meaning as (x/(x+y))xlOO. Xj and Xj show the 
more than the thermal stability guarantee temperature T relationship between the Si concentration and the Hf con- 
corresponding to the predetermined value of X;. On the centration, so that also when Hf silicate to be used contains 
other hand, when the maximum temperature of the process N in the form of Hf silicate nitride, or when it contains other 
is determined, it is necessary to select a Si-containing HfOj elements such as CI, F and H, the above description employ- 
fihn, that is, a Hf silicate fihn to which Si is added such that ing and Xj is effective. 

Xi is larger than a value of Xi when the maximum tern- 15 FIG- 5 shows the relationship between the amount of Si 

perature is used as the thermal stability guarantee tempera- added to flie HfO^ film and the reliability life of the HfO^ 

ture T. In the case of the structure of the semiconductor film (period of time until breakdown occurs). In FIG. 5, the 

device of this embodiment shown in FIG. 1, the Si concen- upper horizontal axis shows Xi=(Si concentration/(Si con- 

tration can be determined as described above, with respect centration+Hf concentration))xlOO as described above, 

to, for example, either the entire gate insulating fihn 11 or a 20 which indicates the Si amount. The lower horizontal axis 

region about 2 nm below the interface with the gate dec- shows X2=(Hf concentration/(Si concentration+Hf concen- 

trode 12 in the gate insulating film 11 in view of a contact tration))xlOO as described above, which indicates the Hf 

with the gate electrode 12 amount. The vertical axis shows the reliability life of the 

FIG. 3 shows the allowable range of the composition QL,) "«^: ^J^"^' ^he value obtained by an actual mea- 

ofHf silicate that can ensure the thennal stability, which was ^'^^"^'i* °f re lability hfe. 

obtained conesponding to various maximum process tern- , ^^'^Jf^^^'fy' ™. ^^^i*^ f ^OS capacitors 
peratures based on the relationship (experiment results) havmg Hf silicate fitos havmg different compositions are 
showninFIG.2.AsshowninFIG.3,fore!cample,whenthe f'^''^' ^ TDDB (tmie dependent dielecfric break- 
maximum process temperature is about 900° C. (e.g., in the ^^"^^ ^.^^t'™^ ^ It "^i estmiate the long 
process in which polysilicon is used as the electiode mate- '° rehabihty life of the Hf silicate fflms under the condi- 
rial), X, should be at least 23% in order to prevent a drastic ^"'^^ °f ^ 2°^ PP'^' ^ f^^^r^ 
increase of leak current due to defects orthe like and ensures area (MOS area) of 0. cm^ a temperature of 100° C 

the thermal stability. fPP'^f ;'f'^^^J,-=-^Z' P'^ "^T^^^' 

„,„ , , , , thickness)=1.5nm. The results are shown m FIG. 5. Herem, 

FIG. 4 shows the relationship between the amount of Si 35 composition of the Hf silicate in each sample varies in 

added to the HfO^ film and the relative dielectnc constant of ^-q ^j^^.^ ^^^^^^^^ ^^^^ 

the HfO, film. In FIG. 4 the upper horizontal axis shows ^^^^-^^ ^ f^^^^ ^ ,„bstrate, 

Xi=(Si concentration/(Si concentiation+Hf concentra- ^ ^^^^^^ ^j^^ ^^^^^ ^^j^^ge ^^^^^^ ^o the 

tion))xl00 as described above, which indicates the Si electrodes, setting OV on the substrate side, 

amount. Ths lower horizontal axis shows X^^Hf concen- ^ j^^re specifically, the insulating film area of each sample 

tration/(Si concentration+Hf concentration)) x 100 as used in the TDDB test is in the range from 3x10"' cm^ to 

described above, which indicates the Hf amount^ pe ver- s^iq-W. To obtain the reUability life at an insulating fihn 

tical axis shows the relative dielectnc constant of the HfOj ^ ^f 0.1 cm^ the following equation based on the 

fihn. □ shows the value obtained by an actual measurement assumption that defects in the insulating fihn are distributed 

of the relative dielectnc constant according I0 the Poisson distribution was used: 

As shown in FIG. 4, when Xj is 0% (fliat is, when flie fihn The reliability life of the insulating fihn area 1 
is the HfO^ fikn, which contains no Si), the relative dielectric =the reliability life of the insulating fihn area 2x(insulat- 
constant of the HfD2 film is about 24, which is the maxi- jng film area 2/insulating fihn area 1) where p is a 
mum. The relative dielectric constant decreases as the Si Weibull gradient. The temperature during the TDDB test is 
amount in the HfOj fihn increases, but the relative dielectric 50 in the range fiom room temperature to 100° C. To obtain the 
constant is substantially constantly about 11 when is reliability life at a temperature of 100° C, activation energy 
between 30% and 90%. When the Si amount in the HfOz of the reliability life obtained in advance with respect to a 
film further increases and exceeds 90%, the relative dielec- temperature change was used. To obtain the reliability life at 
trie constant gradually decreases again, and the relative anincidenceoffailureof 100 ppm, a Weibull gradient p was 
dielectric constant is about 3.9 whenXj is 100%/o (that is, 55 obtained based on a Weibull plot obtained by the TDDB test, 
when the film is the SiOj film, which contains no Hf). and then the approximate straight line of an intrinsic break- 
Therefore, when Xi is 90% or less, that is, when X2 is 10% down was extended. Furthermore, in the TDDB test, Vg 
or more, a Hf siHcate fihn having a comparatively high and jaiger than 1 V as an absolute value is used, whereas in order 
stable relative dielectric constant can be realized. to obtain the reliability life at ¥^=-1 V, experiment data of 
According to the results shown in FIGS. 2 to 4 described 60 the reliability life corresponding to a real electric field Box 
above, it is important to set Xi=(Si concentration/(Si con- (real) that is obtained from an equation of (V^- (at the time 
centration+Hf concentration))xlOO in fibe high dielectric of the TDDB test)-Vfb)/Tph, where Vfb is a flat band 
constant fihn 11a made ofsilicon-containingHfDj to 23% or voltage, and Tph is the physical thickness of the entire 
more and 90% or less in order fliat the high dielectric insulating film, were extended by the straight-line approxi- 
constant film 11a (which may be a stacked structure of a 65 mation. 

combination of the high dielectric constant film 11a, the According to the results shown in FIG. 5 obtained using 

lower barrier film lib and/or the upper barrier film 11c, the above-described method, when Xj (upper horizontal 
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axis) is 30% or less, that is, when X2 is 70% or more, the the gate insulating film 11 can be improved, so that a 
reliability life of the Hf silicate fiLn is 10 years or more. The semiconductor device having excellent heat resistance can 

results shown in FIG. 5 are those obtained by estimating the be realized, and the process margin in the production of the 

reliability life on the lower voltage side with respect to the semiconductor device can be increased, 
real electric field Box (real). The results obtained by esti- 5 Furthermore, according to the first embodiment, the lower 

mating the reliability life on the lower voltage side with barrier film lib containing silicon, nitrogen and oxygen is 

respect to the V.^, itself at the time of the TDDB test or the present below the high dielectric constant film 11a in the 

effective electric field Box (eflFective) obtained by an equa- gate insulating film 11, so that the high dielectric constant 

tion of (Vq (at the time of TDDB test)-Vfb)/EOT exhibit the film 11a and the silicon substrate 10 can be prevented from 
similar tendency. 10 being reacted with each other. Herein, the lower barrier film 

According to the results shown in FIGS. 2 to 4, when lib prevents the silicon substrate 10 &om being oxidized by 

thermal stability and a high relative dielectric constant are oxygen in the high dielectric constant film 11a. That is to 

targeted, it is preferable to set Xi=(Si concentration/(Si say, when an oxide fihn having a relative dielectric constant 

concentration+Hf concentration))xIOO to 23% or more and substantially equal to that of a SiOj film is formed on the 
90% or less. On the other hand, according to the results 15 surface of the silicon substrate 10 as an interface layer, the 

shown in FIG. 5, when Xj is 30% or less, the reliability life relative dielectric constant of the gate insulating film 11 as 

of 10 years or more can be obtained. That is to say, when a whole decreases significantly, and therefore the lower 

reliability as well as thermal stability and a high relative barrier film lib is provided. 

dielectric constant are targeted, the preferable range of X^ is Furthermore, according to the first embodiment, the lower 

23% or more and 30% or less. However, in the case of a 20 barrier film lib contains the same metal as in the high 

process that does not require a high temperature treatment dielectric constant fihn 11a, specifically, hafnium, so that the 

after a gate insulating film is formed, such as a replacement relative dielectric constant of the lower barrier film 11Z» can 

gate process (process that allows a gate electrode to be be higher than that of a regular silicon oxynitride film, so 

formed after formation of source and drain regions by using that the relative dielectric constant of the gate insulating fihn 

a dummy gate), more specifically, in the case of a process 25 11 as a whole can be made higher. More specifically, as 

that does not require a heat treatment at 750° C. or more after shown in FIG. 4, when hafnium is introduced into the lower 

a gate electrode is formed, it is sufficient to taiget only barrier fihn lib in a ratio of 10% or more with respect to 

reliability, so that the preferable range of Xi is 30% or less. silicon (that is X^^lOYo), so that the relative dielectric 

FIG. 6 shows the relationship between the amount of Si constant of the lower barrier fihn 116 can increase effec- 

added to the HfO^ film and the thermal stability and the 30 lively. On the other hand, as shown in FIG. 4, when the 

reliability of the HfD2 film. silicon content in the lower barrier fihn lib is too large 

As shown in FIG. 6, the preferable range of the structure (more specifically, Xj ^90%), the relative dielectric constant 
(composition) of the high-k gate insulating fihn made of a decreases drastically. In other words, it is very effective to 
HfO film containing Si or the process temperature can be set the Hf concentration in the lower barrier film lib to be 
divided roughly into three regions. To be specific, when only 35 higher than X2=0% even to a slight extent in order to reduce 
thermal stability is targeted, the preferable range is below the EOT of the entire gate insulating fihn 11. 
T=6.69-Xi+749.4. In order to obtain a comparatively high Furthermore, according to the first embodiment, the upper 
relative dielectric constant in the maximum process tem- barrier film 11c is present in a portion above the high 
perature of 900° C. as well, Xj has to be set to 23% or more dielectric constant fihn 11a in the gate insulating film 11, so 
and 90% or less. In the case of a process that does not require 40 that the material of the gate electrode 12 Q)olysilicon in this 
a high temperature treatment after a gate insulating film is embodiment) is prevented fix)m being mixed wifli the mate- 
formed, such as a case using a replacement gate, it is rial of the higih dielectric constant film 11a (e.g., hafhiiun) 
sufficient to target only reliability, so that it is sufficient to set more than necessary, and thus a reduction of the relative 
Xito30%orless. Furthermore, in a conventional Si process, dielectric constant of the gate insulating film 11 can be 
when a high-k material is used as the gate insulating fihn 45 suppressed. In this case, the barrier effect of the upper barrier 
material instead of SiON, and Poly-Si or SiGe or the like is film 11c can be improved by allowing the upper barrier fihn 
used as the gate electrode material, that is, when aimealing 11c to contain nitrogen. The relative dielectric constant of 
for activating impurities is performed at a comparatively the upper barrier film 11c can be increased by allowing the 
high temperature after a gate insulating fihn is formed, it is upper barrier film 11c to contam the same metal, hafnium, as 
necessary to target both thermal stability and reliability, so 50 flie high dielectric constant film 11a, and thus the relative 
fliat the range that is below T=6.69-Xi+749.4 and satisfies dielectric constant of the entire gate insulating film 11 can be 
that Xi is 30% or less is preferable. In this case, when the increased. 

maximum process tempa-ature is 900° C, Xi has to be set In the first embodiment, it is preferable to set Xi=(Si 

to 23% or more and 30% or less. It should be noted that 900° concentration/(Si concentration+Hf concentration))x 1 00 in 

C. is a typical temperature in annealing for activating 55 the high dielectric constant fihn Ua (which may be a stacked 

knpurities contained in a source region, a drain region or an structure of a combination of the high dielectric constant 

electrode. fihn 11a, the lower barrier fihn lib and/or the upper barrier 

As described above, according to the first embodiment, film 11c, instead of the high dielectric constant film Ua) to 

the high dielectric constant fihn Ua mcluded in the gate 23% or more and 90% or less. By doing this, the relative 

insulating fihn 11 is a HfDj film containing silicon, so that 60 dielectric constant of the high dielectric constant film Ua 

the high electric constant film Ua can be prevented from can be increased and even if a heat treatment at about 900° 

being crystallized by a high temperature treatment in the C. is performed, the high dielectric constant fihn Ua can be 

production process. Therefore, in a finished semiconductor suppressed &om bemg crystallized, so that an increase of 

device, the high dielectric constant film Ua remains mostly leak current due to defects or the like can be prevented. In 

amorphous, so that leak current can be suppressed fiiom 65 other words, the thermal stability of the gate insulating fihn 

occurring in the gate insulating fihn 11, that is, the high-k 11 can be ensured while the relative dielectric constant of the 

gate uisulating fihn. Consequently, the thermal stability of gate insulating film U is kept sufHcient. In this case, it is 
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more preferable to set Xj in the high dielectric constant film The SiON film 21B has barrier properties for preventing a 

11a to 23% or more and 30% or less. By doing this, in reaction between the silicon substrate 20 and the HfOj fihn 

addition to the above-described advantages, a sufBcient 22A and contains suflScient hydrogen. In this embodiment, 

reliability life of the high dielectric constant fihn 11a, that is, after the Si3N4 film 21A is fonned on the silicon substrate 

the gate insulating fihn 11 can be obtained. When the 5 20, the SijN^ film 21A is oxidized during the formation of 

maximum process temperature is reduced to be significantly the HfO^ film 22A to form the SiON film 21B. However, 

low by the use of a replacement gate or the like, merely without forming the Si3N4 film 21A, the SiON film 21B can 

setting Xi to 30% or less ensures the tiiermal stability of the be directiy formed by nitriding the surface of the silicon 

gate insulating film 11 while ensuring sufBcient relative substrate 20 with NjO gas before forming the HfO^ film 

dielectric constant and reliability life of the gate insulating lO 22A. 

^^^1' c * 1. J- . TT«^ ■ J t, J- . IntheprocessshowninFIG.TB, hydrogen (H) contained 

hi the first embodiment, HfD, is used as the high dielec- ^ spontaneously captured in the HK), film 

tine constant niatenal mcluded m±e gate insulating fihn 11, 22A. On tiie other hand, carbon (C) contained in the Hf 

but mstead of t^s matenal, ZrO„ TiO,, Ta^O^, La O3, ^^^^ ^y the O, gas as an oxidizing agent, so 

CeO^, AI2O3, or BST (banum strontium titamum oxide) or 15 exhausted in the form of CO or CO, from tiie 

4e like can be used. Alternatively, ternary oxide such as ^.j^^^ber. In the chamber, in addition to Hf, O, C, and H, 

Hf^l^O,, where x>0 md y>0) can be used Alternatively, ^^^j^ constituent elements of the Hf source, N, gas is 

metal silicate in which Si atoms are contained m the above- ^ ^ut the N^ gas is veiy inert at temperatures below 

listed metal oxides can be usal. about 500° C, so that an influence of the N, gas can be 

In the first embodiment, the lower bamer fihn 116 and the 20 ig^,^ 

upper barrier film He are provided, but there may be no need „„ \, .™ , j, cT,rr. j 

of providing the lower barrier film lib and/or the upper , When the HfO, film 22A was analyzed by a SIMS method 

barrier filmllc, depending on the selection of the mat^al "^"""T'T^^ll' 1"^^'/^ m^".' 

of tho .Tato o.i«».trr.Ho 17 '^^'^ clemcnts constitutmg the HID2 film 22A were Hf and 

01 me gate eiectrooe 1^ „ O. In the HfOj film 22A, 3x10'' to 4x10^° carbon atoms/ 

In the first embodiment, a polysilicon electrode is used as 25 , ^^-.(^o A^mii i,„j,„„„„ =to,„c/^.„3 
the gate electrode 12, but instead of this, a so-called metal ^^i^ 
gate electrode made of a metal film such as a stacked film of 

a TiN fihn and a Al film (TiN fihn as tiie lower film), a Ta Nesrt, a heat treatment (hereinafter, referred to as PDA 
film, a TiN film or a TaN fihn can be used. If a metal film (P^^* deposition anneal)) is performed with respect to the 
such as a TiN fihn or TaN fihn is used as the metal gate 30 HiO^ film 22 A. PDA is performed, for example, m a mtrogen 
electrode material, Si or Ge can be mixed with the metal atmosphere at about 700° C. for 30 seconds. Now, changes 
gjjjj occumng m the stacked structure of the SiON film 21B and 

the HfO, film 22A by performing PDA will be described in 
Second Embodiment detail with reference to FIGS. 9A to 9D. As described above, 

Hereinafter, a method for producing a semiconductor 35 before performing PDA, as shown in FIG. 9A, the SiON fihn 
device of a second embodiment of the present invention, 21B and the HK)2filii'22A contain hydrogen. When PDA is 
specifically, a method for producing a MISFET will be performed, as shown in FIG. 9B, hydrogen is desorbed finm 
described with reference to the accompanying drawings. the SiON fihn 21B and the HfOj film 22A efiSciently in the 

FIGS. 7A to 70 and 8A to 8C are cross-sectional views form of hydrogen gas. As a result, as shown in FIG. 9C, 
showing the processes of a method for producing a semi- 40 vacancies (white circles in FIG. 9C) are formed in the SiON 
conductor device of the second embodiment. film 21B and the HfO, fihn 22A. Then, as shown in FIG. 9D, 

First, as shown in FIG. 7A, an insulating film for isolation silicon contained in the silicon substrate 20 or the SiON fihn 
(not shown) is formed on a p-type silicon (100) substrate 20, 21B is difiused into the HiOj film 22A through the vacan- 
and a device forming region is segmented, llien, standard cies, and Hf contained in the HfOj film 22A is difiused into 
RCA cleaning and diluted HF cleaning are performed with 45 the SiON film 21B. As a result, as shown in FIG. 7C, a 
respect to the surface of tiie silicon substrate 20. Thereafter, silicon-containing HfOj film 22 having high thermal stabil- 
a silicon nitride film (Si3N4 fihn) 21A having a thickness of ity is formed, and a lower barrier fihn 21 made of the 
about 0.7 nm is formed on the silicon substrate 20 with NH3 Hf-containing SiON film having a high relative dielectric 
gas at a temperature of about 700° C. In this process, constantcanbefonned. The silicon-containing HfOj film 22 
suflBcient hydrogen is captured in the Si3N4 film 21A. The 50 is formed by making the HfOj film 22A dense by the 
Si^N4 fihn 21A eventually becomes the lower barrier film 21 difiiision of silicon. The specific composition of the lower 
(see FIG. 7C). barrier fihn 21 is tiie same as tiie lower barrier film lib of 

Next, as shown in FIG. 7B, a hafnium oxide (HfD,) fihn tiie first embodiment. 
22A having a thickness of about 5 nm is formed on the In otiier words, vacancies obtained by desorbing hydro- 
sihcon substrate 20 by CVD (chemical vapor deposition) 55 gen fi-om the HfD, fihn 22A and the SiON fihn 21B has the 
employing a source precursor containmg hafnium. More effect of promoting mutual diffusion of Hf and Si. In tiiis 
specifically, nitrogen (N,) gas as a carrier gas is allowed to case, setting tiie temperature for PDA to about 700° C. 
pass tiirough Hf-t-butoxide (CigH36HfD4), which is a liquid brings about double effects, that is, an effect of promoting 
Hf source, to bubble tiie Hf-t-butoxide to evaporate tiie hydrogen desorption to facilitate formation of vacancies and 
Hf-t-butoxide. Then, a RTCVD (rapid tiieimal CVD) treat- 60 an efiect of facilitatmg difiusion of Hf or Si. As a resuh, one 
ment is performed at a temperature of about 500° C. while PDA allows Si to be captured in the HID, fihn 22A to form 
tiie N2 gas containing the evaporated Hf-t-butoxide and dry the silicon-containing HfOj fihn 22 having high tiiermal 
oxygen (Oj) gas as an oxidizing agent are supplied to a stability, and allows Hf to be captured in the SiON fihn 21B 
chamber in which flie silicon substiate 20 (wafer) is placed, to form tiie lower barrier fihn 21 (Hf-containing SiON film) 
and tiius a HfDj film 22A is formed. 65 having a high relative dielectric constant. Therefore, tiie 

In this process, the Si3N4 fihn 21A is oxidized by the O, thermal stability of a gate insulating film 25 (see FIG. 8C) 
gas as an oxidizing agent, and turns into a SiON film 21B. as a whole including tiie silicon-containing HfOj fihn 22 and 
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the lower barrier film 21 can be improved, and consequently that the relative dielectric constant of the lower bairier film 

the relative dielectric constant of the gate insulating film 25 21 can be high, and thus the relative dielectric constant of the 

as a whole can be increased. gate insulating film 25 as a whole can be high. 

Next, the surface of the silicon-containing HIO2 fihn 22 is Moreover, according to the second embodiment, the 

nitrided lightly, so that as shown in FIG. 8A, an upper barrier 5 upper barrier film 23 is formed by nitriding the surface of the 

film 23 witb a thickness of about 2 nm having a Wgh relative silicon-containing HfOj film 22 in a process between the 

dielectric constant is formed. That is to say, the upper barrier process for performing PDA to the HfO^ film 22A and the 

film 23 is formed of the silicon-containing HfOj fihn con- process for forming the polysilicon film 24 serving as the 

taining nitrogen. The specific composition of the upper gate electrode 26. Therefore, the material of the gate elec- 

barrier fihn 23 is the same as that of the upper barrier fihn 10 trode 26 and material of the silicon-containing HfDj film 22 

11c of the first embodiment. are prevented from diffusing each other. Furthermore, the 

Next, as shown in FIG. 8B, a polysilicon film 24 serving upper barrier film 23 contains the same metal, Hf as in the 

as a gate electrode is formed on the upper barrier film 23 by, silicon-containing HfDj fihn 22, so that the relative dielec- 

for example, CVD. Thereafter, the polysilicon fihn 24, the trie constant of the upper bairier film 23 can be high, and 

upper barrier film 23, the silicon-containing HftDj ^ 22, is thus the relative dielectric constant of the gate insulating 

and the lower barrier film 21 are diy-etched sequentially, film 25 as a whole can be high. 

using a mask pattern (not shown) covering a gate electrode Furthermore, accoiding to the second embodiment, the 

formation region. Thus, as shown in FIG. 8C, a gate elec- HfO^ fihn 22A is formed by CVD that employs a source 

trode 26 is formed on the silicon substrate 20 via the gate precursor containing hafnium and hydrogen, so that it is 

insulating film 25 having a stacked structure of the lower 20 ensured that hydrogen can be contained in tiie HiOj film 

barrier film 21, the silicon-containing HfO^ fihn 22, and the 22A. 

upper barrier fihn 23. Thereafter, ions are implanted into the Hereinafter, the features (e.g., mutual diffusion of Hf and 

silicon substrate 20 with the gate electrode 26 as a mask, so Si by hydrogen desorption) and tiie effect (e.g., improvement 

that an impurity diffusion layer 27 serving as a source region of thermal stability) of the process of performing PDA to the 

or a drain region is formed. Finally, in order to activate 25 HfDj film 22A will be described with reference to the 

impurities in the impurity diffusion layers 27, a heat treat- drawings showing experiment data or the like, 

ment is performed at about 950° C. for about 30 minutes. FIG. 10 shows the result of measurement by TDS (ther- 

The processes described above provide a MIS electric field mal desorption spectroscopy) regarding hydrogen that is 

effect transistor having the high-k gate insulating film. being desorbed firom the HfDj film by a heat treatment. In 

As described above, according to the second embodiment, 30 FIG. 10, the horizontal axis shows the heat treatment tem- 

the HfD2 film 22A containing hydrogen is formed on the perature and the vertical axis shows the spectrum intensity 

sihcon substrate 20, and then a heat treatment (PDA) is of hydrogen gas measured by TDS. As shown in FIG. 10, 

performed with respect to the HfDj film 22A to desorb when the heat treatment temperature reaches about 400° C, 

hydrogen, and silicon is diffiised in the HfOj film 22A first, hydrogen adsorbed on the surface of the HK>2 fihn 

through the thus formed vacancies so tiiat the silicon- 3S starts to be desoibed. Hiereafter, when the heat treatment 

containing HfOj fihn 22 is formed. For this reason, it is temperature reaches about 700° C, hydrogen contained in 

possible to allow silicon to be contained eflBciently in the the HfDj fihn is desorbed. The density of hydrogen mol- 

HfDj^film 22A and the vacancies eventually disappear so that ecules that was contained in the HfDj film just after depo- 

the silicon-containing HfOj fihn 22 becomes dense. In this sition and eventually desorbed fi-om the HfDj fihn by a heat 

case, as described in the first embodiment, the silicon- 40 treatment was measured and found to be as high as 5.6x10^° 

containing HfOz fihn 22 is hardly crystallized by a high molecules/cm^. According to the results shown in FIG. 10, 

temperature in the production process, so that the siUcon- when the heat treatment temperature is about 700° C, the 

containing HfDj film 22 remains mostly amorphous even detected amount of desorbed hydrogen is largest. Therefore, 

after a device is complete. As a resuh, leak current can be the optimal temperature for PDA is about 700° C, and the 

suppressed fitim occurring in the gate insulating film 25 45 thus setting allows excessive hydrogen contained in the 

having tiie silicon-containing HfDj fihn 22, that is, the HfO^ film to be desorbed so that the HfDz fihn can be made 

high-k gate insulating film. Therefore, the thermal stability dense most effectively. 

of the high-k gate insulating film is improved, so that a While performing a heat treatment (temperature increase 
semiconductor device having excellent heat resistance can rate of 10° C/min) in an ultrahigh vacuum with respect to 
be realized and the process margin in the production of a 50 a sample of the HfDj fihn formed on a Si substrate by CVD 
semiconductor device can be increased. with Hf-t-butoxide, which is a liquid Hf source, the HfOj 
Furthermore, according to the second embodiment, before fihn fliat was being heated were subjected to in-situ obser- 
forming the HfOj fihn 22A, the Si3N4 film 21A containing vation to see its changes, using a high resolution cross- 
hydrogen is formed on the silicon substrate 20. The Si3N4 sectional TEM (transmission electron microscope), and the 
fihn 21A is oxidized when forming the HfO^ film 22A and 55 following was confirmed. At room temperature (immedi- 
tums mto the SiON film 21B. Thereafter, when the HfOj ately after the HfD2 film is formed), an interface layer 
film 22A is subjected to PDA, silicon contamed in the SiON (correspondmg to the SiON fihn 21B) that contains a large 
fihn 21B is diffused into the HfOj fihn 22A. Moreover, number of Si atoms and a small number of Hf atoms is 
hydrogen is desorbed fi-om the SiON film 21B to form present on the Si substrate, and the HfOj layer that contains 
vacancies, and Hf contained in the HfOj film 22A is diffused 60 a small number of Si atoms and a large number of Hf atoms 
into the SiON film 21B through the vacancies, so that the is present on the interface layer. Thereafter, as the tempera- 
lower barrier fihn 21 is formed. Therefore, it is ensured that ture mcreases, in the temperature range from 620° C. to 850° 
silicon can be contained in the HfOj film 22A. Furthennore, C, a mutual diffusion layer that contains a smaller number 
the HfOj fihn 22A or the silicon-containing HfOj film 22 of Si atoms than that of the interface layer and a smaller 
can be prevented fix>m being reacted with the silicon sub- 65 ntimber of Hf atoms than that of the HfOj layer evidentiy 
strate 20. Furthermore, the lower barrier fihn 21 contains the starts to appear between the interface layer and the HfOj 
same metal, Hf as in the silicon-containing HfDj film 22, so layer. Finally, when a high temperature annealing is per- 
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formed at 860° C, the total physical thickness of a stacked example. More specifically, annealing for activating impu- 

structure (corresponding to the silicon-containing HfDj fihn rities implanted to the gate electrode was performed at 900° 

22) of the HfOj layer and the mutual diffusion layer is larger C, 950° C. and 11 50° C. with respect to samples of a MOS 

than that of the HfOj layer at the time of deposition (room capacitor employing a HfOj fihn having a physical thickness 

temperature). That is to say, the interface layer is contracted 5 of 3.0 to 3.3 nm as the gate insulating film and polysilicon 

by expansion of the mutual diffusion layer, and as a result, as the gate electrode. Then, a gate voltage Vg was applied 

the relative dielectric constant of the entire Hf silicate with a voltage of 0 V set on the substrate side. In FIG. 12, 

stacked structure including the interface layer becomes high. the horizontal axis shows the gate voltage (Vg) and the 

In the case of regular PDA, the temperature increase rate vertical axis shows the capacitance. ■ shows the measured 

is as high as 50° C./sec, and the retention period at a heat lo value of the capacitance when a heat treatment was per- 

treatment temperature of about 700" C. is as short as 30 formed at 900° C, ♦ shows the measured value of the 

seconds, so that the thermal budget (thermal load) is much capacitance when a heat treatment was performed at 950° 

smaller than that from the in-situ observation during heating C, and A shows the measured value of the capacitance 

by the high resolution cross-sectional TEM. Therefore, when a heat treatment was performed at 1150° C. 

oxidation of the Si substrate caused by PDA occurs only 1 is As shown in FIG. 12, when the HfOj film fiee fcom 

nm or less, and the interface layer becomes very thin hydrogen formed of Hf-nitrato is used, the temperature at 

because of the mutual difiiision of Si and Hf so that the final which the sample can withstand as an ideal MOS capacitor 

interface layer (corresponding to the lower barrier film 21) is at most 900° C. Taking the results shown in both FIGS. 11 

is about 0.5 nm. Thus, the relative dielectric constant of the and 12 into consideration, the thermal stability guarantee 

entire Hf silicate stacked structure including the interface 20 temperature when the HfOj film containing hydrogen is used 

layer becomes high, and as a result, the EOT of the stacked is 1 050° C. or more, whereas the thermal stability guarantee 

structure as a whole becomes very small. In other words, temperature when the HfDz film free finm hydrogen is used 

forming the HfOj fihn by CVD employing a Hf source is about 900° C. In other words, using the HfO^ film 

containing hydrogen is very advantageous as a method for containing hydrogen improves the thermal stability guaran- 

forming a high-k gate insulating fihn. On the other hand, a 25 tee temperature by 150° C. or more. 

HfOj film is formed by CVD employing a regular Hf source FIG. 13 shows the results of comparison in the thermal 

fres fi-om hydrogen, and an in-situ observation during heat- stability between the case where a HfDj film containing 

ing is performed with respect to the HfOj film with the high hydrogen was used and the case where a HfOj film free from 

resolution cross-sectional TEM. Then, it was found that hydrogen was used in a MOS capacitor having a stacked 

mutual difiiision hardly occurred between the interface layer 30 structure of Si substrate/SiN fihn/HfOj fihn/polysilieon film, 

and the HfOj layer. As a result, the thennal stability of the More specifically, annealing for activation was performed at 

HfOj layer was not improved and the relative dielectric temperatures in the range firam 900° C. to 1 150° C. for 30 

constant of the stacked structure of the interface layer and seconds in a nitrogen atmosphere with respect to each MOS 

the HID2 layer was not increased. capacitor sample. Then, a gate voltage (V^) of -1 .0 V was 

FIG. 11 shows the results of C-V measurement after the 35 applied with a voltage of 0 V set on the substrate side, and 

heat treatment with respect to the HfOj film containing leak current J^- was measured. The HfOj fihn containing 

hydrogen formed by CVD employing Hf-t-butoxide. More hydrogen was formed of Hf-t-butoxide, and the HfDj fihn 

specifically, annealing for activating impurities implanted to free from hydrogen was formed of a source free from 

the gate electrode was performed at 900° C, 950° C. and hydrogen. In FIG. 13, the horizontal axis shows the activa- 

1050° C. with respect to samples of a MOS capacitor 40 tion annealing temperature, and the vertical axis shows the 

employing a HfDj fihn having a physical thickness of 3.0 to leak current J^. ♦ shows the measured value of the leak 

3.3 nm as the gate insulating film and polysilicon as the gate current Jg, when a source free from hydrogen is used, and □ 

electrode. Then, a gate voltage Vg was applied wifli a shows the measured value of the leak current when 

voltage of 0 V set on the substrate side. In FIG. 11, the Hf-t-butoxide was used. 

horizontal axis shows the gate voltage (Vg) and the vertical 45 As shown in FIG. 13, when the HfOj film containing 

axis shows the capacitance. ♦ shows the measured value of hydrogen formed of Hf-t-butoxide was used and the anneal- 

the capacitance when a heat treatment was performed at ing temperature for activation was increased, an increase of 

900° C, ■ shows the measured value of the capacitance the leak current could be restricted to only one order. On 



when a heat treatment was performed at 950° C, and A the other hand, in the case where the Hf02 film free from 

shows the measured value of the capacitance when a heat 50 hydrogen was used and the annealing temperature for acti- 

treatment was performed at 1050° C. vation was increased, the leak current J,- was increased by 

As shown in FIG. 11, when the HfOj fihn containing about three orders, that is, about 1000 times larger than in the 

hydrogen formed of Hf-t-butoxide is used, stable C-V curve case of the HfDj film containing hydrogen. In other words, 

is shown even if the annealing temperature for activation is using the HfOj film containing hydrogen can reduce the 

increased, and the temperature at which the sample can 55 defect production probability to about Viooo of that in the 

withstand as an ideal MOS capacitor is as high as 1050° C. case where the HfOj fihn free from hydrogen, 

or more. In other words, in the HfOj film containing hydro- Each of the HfOj fihn containing hydrogen and the HfOj 

gen, as a result of occurrence of significant mutual difiiision film free from hydrogen was deposited on a sihcon substrate 

of Hf and Si accompanied by hydrogen desorption caused by to the same physical thickness (3 nm), and the EOT of the 

PDA, a Si-containing layer is present on the surface side of 60 HfOj film including the interface layer was measured. The 

the HfOj fihn. Therefore, also when polysilicon is used as results were as follows. The EOT was 1 .1 nm when the HfO^ 

the gate electrode, as shown in FIG. 11, very stable heat film containing hydrogen was deposited, and the EOT was 

resistance is exhibited at about 1050° C. 1 .6 nm when the HfDj fihn free from hydrogen was depos- 

FIG. 12 shows flie result of C-V measurement after a heat ited. That is to say, the relative dielectric constant when the 

treatment wifli respect to a HfOj fihn free fiiom hydrogen 65 HlDj film containing hydrogen was deposited was about 

formed by CVD employing a source free from hydrogen, 1.46 times higher than that when the HfOz film fiee from 

specifically, Hf-nitrato (Hfl3^03)4) as a comparative hydrogen was deposited. This is caused by the feet that when 
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the Hf02 film containing hydrogen was deposited, Si and Hf In the second embodiment, a polysilicon film 24 is used 

are difiused mutually between the interface layer and HfOj as the gate electrode 26, but a metal film can be used instead, 

layer so that Hf is contained in the interface layer, and For example, the surface of the silicon-containing HfOj film 

consequently the relative dielectric constant in the interface 22 is nitrided, and then a TiN film and an Al film that will 

layer portion is reduced significantly. 5 serve as the gate electrode 26 may be deposited sequentially 

A HfO, film containing hydrogen having a thickness of sputtering^tematively, after the surface of the silicon- 

3.5 mn was formed on a silicon substrate, and then a PDA '^""f """f "Pi^^ ^2 is mtnded, a Ta film tot will serve 

— * * /onno in a \ _f j vi. . as the gate electrode 26 may be deposited. Alternatively, a 

h-eatment(800 C, 30 seconds) was performed with respect ^.^ ^ ^ ^/jj^^ J .^^ ^j^j^^^^ 

to the HfO, film. Thereafter, Si^ 0 and Hf we^ measured ^„ ^^^^ ^^^^ ^^^^ silicon-containing HfO, film 22. 

from liie surface side of tiie HfO, fibn by XPS (X-iay ^ gj „^ ^j^I^ ^1^^ gj^ 

photoelectron spectroscopy) usmg MgKa radiation and the „^ ^j^^ jjj^^ ^ ^^^^^l ^^^^ ^j^^ 

composition of the HK), fihn after the PDA treatment was ^^^^^ 26 as described above, after the metal fih^ is 

found to be 0.6 for Hf, 0.49 for S, and 2.0 for O^It should ^^^^^3 -^^^^ can be reduced 

be noted that since pnmanly the surface of the HfD, fikn ,5 ^ ^ heat treatment (PMA: post 

was observed for measurem^t by the XPS technique, the ^gtalization anneal) WhSi a C-V measurement is Jer- 

detection depth was set to about 2 to 3 mn by detecting ^^^^ ^ ^ ^ j^OS ^ 

photoelectrons havmg an escape an^of 57 degrees with eonfinned that the amount of the defects in the insulating 

respert to the surface of the substote The resulte as ^^j^ corresponding hysteresis are reduced. A tem- 

descnbed above indicate that m the HfD, fflm after the PDA ^^3^^^ 7000 ^ / ^^^^ temperature 

treatment, Si has been difiused up to the vicimty of the p^A when annealing is performed in a gas containing 

surface. hydrogen at 450° C. for about 30 minutes, the interface state 

FIG. 14 shows the relationship between the physical in the gate insulating film 25 can be reduced, 

thickness of the HfOa fihn immediately after being formed in the second embodiment, a HfDj film is used as the high 

and the leak current after a MOS capacitor was complete in 25 dielectric constant material constituting the gate insulating 

the case where PDA was performed with respect to the HfDa fihn 25, ZrOj, TiOj, Ta^Os, La203, CeOj, AI2O3, or BST 

film (containing hydrogen), which is the insulating film of (barium strontium titanium oxide) can be used instead, 

the MOS capacitor. More specifically, after a HfOj fihn Alternatively, temary oxide such as Hf^j,02, where x>0 

containing hydrogen was formed by CVD, PDA was per- and y>0) can be used. Altematively, metal silicate in which 

formed to the HfOj film in a nitrogen atmosphere at pressure 3 0 si atoms are contained in metal oxide as described above can 

of about 60000 Pa (450 torr) at 800° C. for 30 seconds. be used. In any case, the effect of mutual difiiasion in the 

Thereafter, a polysilicon film that was to serve as a gate dielectric constant fikn containing hydrogen can be 

electrode was deposited. Then, after ions were implanted reahzed regardless of the composition or the constituent 

into the polysilicon fihn, annealing for activation is per- materials at the time of the deposition of the high dielectric 

formed in a nitrogen atmosphere at a pressure of about 35 constant film. 

1 1 0000 Pa (760 torr) at 900° C. for 30 seconds. Thereafter, in the second embodiment, the HfDz film 22A is deposited 
a gate voltage (V^) of -1.0 V was applied with 0 V on the by CVD employing Hf-t-butoxide, which is a liquid Hf 
substrate side, and the leak current was measured. The source precursor. However, instead of this, when CVD is 
physical thickness of the HfDj fihn immediately after being used, other Hf source precursors containing hydrogen and 
formed is measured by an ellipsometry method (polarization 40 hafnium such as tetrakis diethylamido hafnium, (TDEAH: 
method). For comparison, with respect to samples of MOS Ci6H4oN4Hf), tetrakis dimethylamino hafiiium (TDMAH; 
capacitors obtained by omitting the process of performing Ci6H36Hf04), or tetrakis l-methoxy-2-methyl-2-propoxy 
PDA with respect to the HfOz fihn, the relationship between hafiiium (Hf(MMP)4: HfIOC(CH3)2CH20CH3]4) can be 
the physical thickness of the HfOj fihn immediately after used. Altematively, a HfOz fihn can be formed by CVD 
being formed and flie leak current after the MOS capacitor 45 employing a solid Hf source precursor such as Hf-nitrato 
was produced was investigated. (Hf(N03)4) and a source gas containing hydrogen such as 
As shown in FIG. 14, when PDA is performed, a smaller hydrogen gas. Altematively, when PVD (physical vapor 
leak current Jg is achieved than when PDA is not performed. deposition) such as sputtering is used, a target containing 
This seems to be caused for the reason as follows: Si is hafnium can be used in an atmosphere containing hydrogen, 
diffused to the HfOj film by the PDA, which prevents the 50 More specifically, a hafiiium target can be used in an 
HfOj film from being crystallized by annealing for activa- atmosphere containing oxygen gas and argon gas to which 
tion, therefore the HfD2 film in the finished MOS capacitor hydrogen gas is added, or a hafiiium oxide target can be used 
remains mostly amorphous, so that the gate leak current can in an atmosphere containing argon gas to which hydrogen 
be suppressed from increasing. Furthermore, it seems that gas is added. Hydrogen gas is added for hydrogen to be 
the gate leak current has been reduced also by the fact that 55 captured in the high dielectric constant film (HfD2 film), 
a reaction between the electrode material and the material of In the second embodiment, hydrogen is captured in the 
the high dielectric constant fihn has been suppressed by HfO^ film 22A or the Si3N4 fihn 21A as a predetermined 
achieving a dense silicon-containing HfOz film. As shown in substance (substance for vacancy formation), but instead of 
FIG. 14, the efiect of suppressing the gate leak current in the this, for example, chlorine, fluorine, or iodine can be cap- 
case where PDAis performed is exhibited more significantly 60 tured using a halogen-based gas. Any substances can be used 
as the physical thickness of the HfOj film is smaller. The as the substance for vacancy formation, as long as it can be 
above results have conlirmed that it is very important to desorbed from the HfDj film 22A or the Si3N4 film 21A in 
provide a process of performing PDA (post deposition the form of gas at a temperature of about 600 to 850° C. and 
anneal) with respect to the high dielectric constant film after can promote the diffusion of Hf or Si through the thus 
flie high dielectric constant film that will serve as a gate 6S formed vacancies. Furthermore, the substance for vacancy 
insulating fihn is deposited and before a gate electrode is formation for the HlOj fihn 22A may be different from that 
formed in order to reduce the leak current efiectively. for the Si3N4 film 21A. 
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In the second embodiment, the Si3N4 film 21A, that is, the 
lower barrier film 21 can be formed by perfoiming, for 
example, thermal nitridation or plasma nitridation in a gas 
containing nitrogen with respect to the siUcon substrate 20. 
Alternatively, the SiON film 21B can be directly formed by 5 
nitriding the surface of the silicon substrate 20 with NjO gas 
before forming the HfD2 film 22A without forming the 
Si^N4 film 21A. Alternatively, the high dielectric insulating 
film containing nitrogen that will become the lower barrier 
film 21 can be directly formed on the silicon substrate 20 by lo 
introducing a gas containing nitrogen in the early stage of 
the formation of the HfOj film 22A by evaporation. 

In the second embodiment, the upper barrier film 23 can 
be formed by performing, for example, thermal nitridation 
or plasma nitridation in a gas containing nitrogen with is 
respect to the silicon-containing HfOj film 22. Alternatively, 
tiie upper barrier film 23 can be formed by nitriding the 
surface of the silicon-containing HfOj film 22 by introduc- 
ing nitrogen gas in the early stage of the formation of the 
polysilicon film 24 that will serve as the gate electrode 26. 20 
Alternatively, the high dielectric insulating film containing 
nitrogen that will become the upper barrier Sha 23 can be 
formed on the side of the surface of the HfOj film 22A by 
introducing a gas containing nitrogen in the final stage of the 
formation of the HfOj film 22A by evaporation. 25 

In the second embodiment, PDA is performed with 
respect to the HfDj film 22A to form the silicon-containing 
HfO^ film 22, and then the upper barrier film 23 is formed 
by nitriding the surface of the silicon-containing HfOj film 
22. However, instead of this, after the upper barrier film 23 30 
is formed by nitriding the surface of the HfDj film 22A, 
PDA is performed with respect to the HfDz film 22Ato form 
the silicon-containing HfOj film 22. 

In the second embodiment, the entire stacked structure of 
the lower barrier film 21, the silicon-containing HlDj film 22 35 
and flie upper barrier film 23 may contain nitrogen. 

In the second embodiment, it is preferable that in the 
process shown in FIG. 7B, first, a source such as evaporated 
Hf-t-butoxide is supplied into a chamber, and then oxygen 
gas is supplied to the chamber, and thereafter the tempera- 40 
ture in the chamber is increased from room temperature and 
kept in a predetermined temperature range of about 300 to 
500° C. This makes it possible that Hf molecules are 
adsorbed rapidly on the silicon substrate 20 at a low tem- 
perature, so that the HfDj film 22A can be formed uniformly. 45 
Furthermore, the incubation time from the start of the supply 
of the source gas to the start of crystal growth of the Hf02 
film can be shortened. Furthermore, the interface layer 
(SiON fihn 21B) formed between the HfDj fihn 22A and the 
silicon substrate 20 can be thin. 50 

In the second embodiment, it is preferable that the tem- 
perature for the heat treatment in PDA in the process shown 
in FIG. 7C is 600° C. or more and 850° C. or less. This 
ensures that hydrogen can be desorbed from the Hf02 fihn 
22A and thus silicon can be difiused in the HfDj film 22A. 55 

In the second embodiment, it is preferable to satisfy 
T§6.69-y/(x+y)+749.4, where the composition of the sili- 
con-containing HfDj film 22 is expressed as Hf^Si^O, where 
x>0, and y>0, and the maximum temperature in the produc- 
tion process is expressed as T [° C.]. This ensures the 60 
thermal stability of the gate insulating film 25 having the 
silicon-containing HfDj film 22. When the gate electrode 26 
is made of a material containing silicon, it is preferable to 
satisfy T^6.69y/(x+y)+749.4, and y/(x+y)S0.30. This 
ensures the thermal stability and the reliability of the gate 65 
insulating film 25 having the silicon-containing HflDj film 
22. 



The invention may be embodied in other forms without 
departing from the spirit or essential characteristics thereof 
The embodiments disclosed in this application are to be 
considered in all respects as illustrative and not limiting. The 
scope of the invention is indicated by tiie appended claims 
rather than by the foregoing description, and all changes 
which come within the meaning and range of equivalency of 
the claims are intended to be embraced therein. 

What is claimed is: 

1. A semiconductor device, comprising: 

a gate insulating film formed on a substrate; and 
a gate electrode formed on the gate insulating film; 
the gate insulating film comprising: 
a high dielectric constant film containing a metal, oxygen 

and silicon; and 
a lower barrier film formed below the high dielectric 

constant film and containing the metal, oxygen, silicon 

and nitrogen, wherein 

when a composition of the high dielectric constant film is 
expressed as M^Sij,0, where M, O and Si represent the 
metal, oxygen and silicon, respectively, and x>0 and 
y>0. 

2. The semiconductor device according to claim 1, 
wherein the gate insulating film comprises an upper barrier 
film formed above the high dielectric constant film, and 

the upper barrier film contains the metal, oxygen and 
nitrogen. 

3. The semiconductor device according to claim 1, 
wherein the gate insulating film comprises an upper barrier 
film foimed above the high dielectric constant fihn, and 

the upper barrier film contains the metal, oxygen, silicon 
and nitrogen. 

4. The semiconductor device according to claim 1, 
wherein the gate electrode is a metal gate electrode. 

5. The semiconductor device according to claim 1, 
wherein the lower barrier film is a silicon oxynitride film 
including the metal. 

6. The semiconductor device according to claim 1, 
wherein the high dielectric constant film contains nitrogen. 

7. A semiconductor device, comprising: 

a gate insulating film formed on a substrate; and 

a gate electrode formed on the gate insulating fihn; 

the gate insulating film comprising: 

a high dielectric constant film containing a metal, oxygen 

and silicon; and 
a lower barrier film formed below the high dielectric 

constant film and containing the metal, oxygen, silicon 

and nitijogai, wherein 

0.23Sy^7)S0.30 

when a composition of the high dielectric constant film is 
expressed as M,Sij,0, where M, O and Si represent the 
metal, oxygen and silicon, respectively, and x>0 and 
y>0. 

8. A semiconductor device, comprising: 

a gate insulating film formed on a substrate; and 

a gate electrode formed on the gate insulating fihn; 

the gate insulating film comprising: 

a high dielectric constant film containing a metal, oxygen 

and silicon; and 
a lower barrier film formed below the high dielectric 

constant film and containing the metal, oxygen, silicon 

and nitrogen, wherein 

x'(*+j')S0.10 
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when the metal is hafnium or zirconium, and 23. The semiconductor device according to claim 22, 

a composition of the lower barrier film is expressed as wherein the high dielectric constant film contains nitrogen. 

M^Si^O^N where M, O, Si and N represent the metal, ^4. The semiconductor device according to claim 22, 

oxygen, silicon and mtrogen, respectively, and x>0, , 

y>0, z>0 and w>0. 5 '^'^^'"^"^ 

9. The semiconductor device according to claim 1, *e gate insulating fihn comprises a lower barrier fikn 
wherein the lower barrier film is amorphous. formed below the high dielectric constant film, and 

10. The semiconductor device according to claim 1, the lower barrier film contains the oxygen, silicon and 
wherein the gate electrode is a polysilicon electrode. nitrogen. 

11. The semiconductor device according to claim 1, lo , . , , . ,. , . »^ 
wherein the gate electrode is made ofa material containing 25. A semiconductor device accordmg to clami 22, 
silicon. w^ierein 

12. The semiconductor device according to claim 1, the gate insulating fihn comprises an upper barrier film 
wherein the high dielectric constant film contains chlorine. formed above the high dielectric constant fikn, and 

13. The sen^conductor device according to claim 1, 15 ^^ ^^^^ ^^^^^^^ ^^^^^ 
wherem the high dielectric constant film contams nuonne. . 

14. The semiconductor device according to claim 1, ° 

wherein the high dielectric constant fihn contains hydrogen. 26. A semiconductor device according to claim 22, 

15. The semiconductor device according to claim 1, wherein 

wherein the high dielectric constant film contains iodine. 20 the gate insulating fihn comprises an upper barrier fihn 

16. The semiconductor device according to claim 1, formed above the high dielectric constant film, and 
wherein the high dielectric constant fihn contains carbon. , , • ^, • , 

17. nie semiconductor device according to claim 1, *e upper bamer fihn contains the metal, oxygen, silicon 
wherein the high dielectric constant fihn is amorphous. nitrogen. 

18. The semiconductor device according to claim 17, 25 27. The semiconductor device according to claim 7, 
wherein the high dielectric constant film contains nitrogen. wherein the high dielectric constant film contains nitrogen. 

19. The semiconductor device according to claim 18, jS. The semiconductor device according to claim 8, 
wherem the high dielectnc constant film contams crystal- ^^^^^.^ ^.^^^^^^^ ^^^^^^ ^^^^^ ^^^^^ 

20. The semiconductor device according to claim 2, 30 29. The semiconductor device according to claim 1, 
wherein the upper barrier film is amorphous. wherein the metal in the high dielectric constant film is at 

21. The semiconductor device according to claim 1, least one of hafnium or zirconium. 

wherein 3q jije semiconductor device according to claim 1, 

the high dielectric constant film includes a part which is wherein 

located 1 through 2 nm apart fiom the gate electrode 35 , , „, . , 

and which is Hf silicate containing nitrogen. ^^t^l dielectnc constant fihn is at least one 

22. A semiconductor device, comprising: °^ hafnium, zirconium, titanium, tantalum, lanthanum, 
a gate insulating film formed on a substrate; and cenum, or alummum. 

a gate electrode formed on the gate insulating film; 31. The semiconductor device according to claim 14, 

the gate insulating film comprising: 40 wherein 5x10^° to 4x10^^ hydrogen atoms/cm^ were con- 

a high dielectric constant film containing a metal, oxygen lained in the high dielectric constant film. 

and silicon, wherein 32 jhe semiconductor device according to claim 17, 

0.23 sy(»f)<) S0.90 wherein 3xlO"to4xlO^° carbon atoms/cm^ were contained 

when a composition of the high dielectric constant film is 45 the high dielectric constant film. 

expressed as M^ifi, where M, O and Si represent the 

metal, oxygen and silicon, respectively, and x>0 and 

y>0. ***** 
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